Taylor-Couette (TC) flow is used to probe the hydrodynamical stability of astrophysical accretion disks. Experimental data on the subcritical stability of TC are in conflict about the existence of turbulence (cf. Ji et al. Nature, 444, 343-346 (2006) and Paoletti et al., A&A, 547, A64 (2012)), with discrepancies attributed to endplate effects. In this paper we numerically simulate TC flow with axially periodic boundary conditions to explore the existence of sub-critical transitions to turbulence when no end-plates are present. We start the simulations with a fully turbulent state in the unstable regime and enter the linearly stable regime by suddenly starting a (stabilizing) outer cylinder rotation. The shear Reynolds number of the turbulent initial state is up to Re s ∼ 10 5 and the radius ratio is η = 0.714. The stabilization causes the system to behave as a damped oscillator and correspondingly the turbulence decays. The evolution of the torque and turbulent kinetic energy is analysed and the periodicity and damping of the oscillations are quantified and explained as a function of shear Reynolds number. Though the initially turbulent flow state decays, surprisingly, the system is found to absorb energy during this decay.
Quasars are the most luminous objects in the Universe. They are thought to consist of supermassive black holes in the centres of galaxies, which accrete matter and emit radiation, thereby transforming mass into energy with an efficiency between 5-40% 1,2 . In order for orbiting material to fall into the so-called astrophysical accretion disk, it must lose its angular momentum. Molecular viscosity alone is not enough to account for this loss, so some sort of turbulent viscosity, causing the enhanced transport of angular momentum, has been conjectured 3 , as otherwise gravitationally bound objects, like galaxies, stars or planets,
would not exist. This implies that the flow of the material must be turbulent, but the origin of turbulence in accretion disks is currently unknown. Accretion disks can either be composed of "hot" matter, which is fully ionized and electrically conducting, or "cold" matter, i. e., dust with less than 1% ionized matter. Hot disks are found around quasars and active galactic nuclei, and thought to undergo a magneto-rotational instability (MRI) to become turbulent 4, 5 . In contrast, cold disks are found in protoplanetary systems, and are thought to have "MRI-dead" regions, where turbulence due the MRI cannot exist 2, 6 . The places where planets eventually form and reside coincide with these MRI-dead regions, so additional transport of angular momentum must take place. To account for this transport, another mechanism has been proposed: hydrodynamical (HD) non-linear instabilities, i.e.
transport by turbulence. The simulations are performed in a frame of reference co-rotating with the outer cylinder.
In the rotating frame, the inner cylinder has an azimuthal velocity U = r i (ω i − ω o ), with ω i and ω o the inner and outer cylinder angular velocities respectively, while the outer cylinder is now stationary. The resulting shear drives the flow, and can be expressed non-dimensionally as a shear Reynolds number 22 Re s = dU/ν, where ν is the kinematic viscosity of the fluid.
In this rotating frame, the outer cylinder rotation in the lab frame manifests itself as a
Coriolis force Ro −1 (e z × u), where the Rossby number is defined as Simulating in a rotating frame adds a new perspective to the problem. In this frame the (non-dimensional) Navier-Stokes equations read:
Strong enough outer cylinder co-rotation in the lab-frame implies a large stabilizing Coriolis force Ro −1 in the rotating frame and turbulence is suppressed 19 . This argument for stabilization 19 can be compared to that of Taylor-Proudman's theorem 23, 24 which when applied to rotating Rayleigh-Bénard flow implies that the flow is stable even at large thermal driving, as long as the background rotation is large enough 25 . The system behaves as a damped oscillator.
To quantify these reversals, we define the quasi-Nusselt number 26 Nu ω (r, t) as Nu ω (r, t) = r 3 ( u r ω θ,z −ν∂ r ω θ,z )/T pa , where T pa is the torque required to drive the system in the purely azimuthal and laminar case. Nu ω (r, z) represents the transport of angular velocity. For a purely azimuthal flow with no turbulence, Nu ω = 1, so Nu ω − 1 represents the additional transport of angular velocity due to turbulence. Unlike the previous mid gap case, no oscillations can be seen, reflecting that the oscillations only occur in the bulk of the flow, where the Taylor vortices are, but that the BLs are unaffected. Of course, the decay towards the purely azimuthal, laminar state Nu ω = 1 is also observed in the BLs (Fig 3a,b) , independent of Ro −1 and Re s .
Finally, we quantify the decay of turbulence. To do so, we define the turbulent kinetic energy substitute of the flow as K(t) = three values of Re s . In the simulations, K(t) shows short time scale fluctuations, similar to that of Nu ω in the mid-gap, so for clarity, only the peak of K(t) in every cycle is represented.
As expected from the previous results on Nu ω (t), K(t) decays to zero when given enough time. The only mechanism for energy dissipation is viscosity, so it is not surprising that the decay time is proportional to the energy content, thus leading to an approximately exponential decay, K(t) = K 0 exp(−t/τ ) whereτ is the characteristic (dimensionless) decay time, and K 0 = K(t = 0). Fits to the data in fig. 4b were performed to obtain estimates for the dependenceτ (Re s ), which is shown in fig. 5a . The absolute value ofτ is large (around 70 large eddy turnover times for Re s ∼ 10 4 and Ro −1 = 1.22) and in the range studied shows a power-lawτ
This scaling can be understood from realizing that the decay of the turbulence is first dominated by the energy dissipation rate ǫ BL in the BLs, which scales as
s . This immediately implies the scaling relation (2) for the typical decay time τ =τ d/U ∼ U 2 /ǫ BL .
Only for very large times or for very small Reynolds numbers from the very beginning, i.e., We highlight that even though K(t) decays, the total energy of the system increases, as it absorbs more energy through the boundaries than it dissipates viscidly. This can be seen in fig. 5b , displaying a time series of the non-dimensionalized energy input into the system
, where T i,o is the torque applied at the inner (outer) cylinder, ρ and Ω are the fluid density and volume, respectively, and ǫ pa is the viscous dissipation in the purely azimuthal and laminar state, and a time series of the non-dimensionalized energy dissipation rate inside the system,ǫ ν =
2 Ω /ǫ pa . When transitioning from turbulence to the purely azimuthal u θ (r)-profile, the system absorbs energy, while at the same time the initial turbulence decays. The purely azimuthal u θ (r)-profile has more energy than its turbulent counterpart. Indeed, this is the reason for the Rayleigh instability, now supressed by the Coriolis force. The laminar dissipation, i.e. 1 with the non-dimensionalization chosen, is subtracted from both
variables. An inset with the ratio between both energies is shown. The arrow marks the transition between the two decay mechanisms. For quite a long time, the system still absorbs more energy than it dissipates; equilibrium is reached only fort of order beyond 1000, due to the small decay rate.
In summary, consistent with what had been found in the experiments of Ji et al. 11 , no turbulence, and therefore, no turbulent transport of angular momentum can be seen in the Rayleigh-stable regime for the control parameter range studied once the effect of axial boundaries is mitigated. An initially turbulent state is stabilized by the corotation of the outer cylinder and the transport of angular momentum in the bulk ceases; the turbulence decays in all our simulations, for Re s up to 8.10 · 10 4 .
We point out, however, that even though the system is stable, the decay times for turbulence are long, ranging between hundreds and thousands of large eddy turnover times.
If one extrapolates 29 the scaling relation (2) to shear Reynolds numbers attainable in cold accretion disks, which are of the order 10 14 , decay times for the turbulence become very large, and the system might not have time to stabilize before enough angular momentum is transported and the disk collapses into a planetary system. It is also unclear whether the extreme values of η present in astrophysical accretion disks will have an effect on the decay times. The Rossby number has a strong η-dependence, and for η → 0 it diverges.
Also, other types of mechanisms might dominate the angular momentum transport in cold accretion disks, like subcritical baroclinic instabilities which lead to turbulence 30, 31 or transport associated to self-gravity 32 . We refer the reader to the review by Armitage 2 for a more detailed discussion.
In conclusion, in our TC simulations without end-plates, in the parameter range studied up to shear Reynolds numbers of 10 5 , the flow was seen to not only remain laminar in the presence of small perturbations, but when starting from an initially turbulent state we can see that the turbulence decays and the system returns to its laminar state. All of this happens while the system absorbs energy. Therefore, we can attribute the turbulence and increased angular momentum transport found in some of the experiments 10,14 and numerical simulations 16 which probe the linearly stable regime of TC, to effects of the end-plate confinement.
